Different commercial TiC-TiN/Co/Ni mixtures were used as raw materials for Ti(C,N) cermets, and the effects of the sintering parameters (binder content, binder nature, sintering time and additives) on the final hard ceramic phase were studied at the sintering temperature of 1400 ºC. When Co is used as the binder medium, it is possible to completely convert the starting commercial TiC-TiN mixture into TiC x N 1-x . When Ni is used, which exhibits lower solubilising capacity than Co, the total conversion can never be reached and the metallurgical reactions between TiC and TiN during the liquid-phase sintering are more dependent on the sintering time than on the binder content. However, the use of Co-Ni mixtures, showing a synergic effect between the wettability capacity of Ni and the solubilising capacity of Co, enhances the metallurgical reactions at short sintering times.
Introduction
Hard materials are powdered metallurgical products manufactured by liquid-phase sintering, which represents an industrial process of considerable importance because it largely determines the microstructure of the material and its final properties. This process involves sintering a compact that consists of a mixture of different ceramic and metal powders with the aid of a liquid binder phase that forms at temperatures below the melting point of hard ceramic phases [1] . For liquid-phase sintering to be practical, the major ceramic phase should be at least slightly soluble in the liquid phase to enhance liquid atomic diffusion and mass transport, which results in rapid sintering of the components.
At melting, the liquid phase wets and infiltrates the solid grain structure by a combination of reaction and capillary forces. The wetting by capillary attraction also provides a smooth rearrangement of the solid particles and a densification without the need of external pressure. In areas where capillary pressures are high, the ceramic particles tend to dissolve and grow by Ostwald ripening, which is often accompanied by coalescence processes. The driving force for liquid-phase sintering is not only the reduction of surface energy by capillary forces but also the reduction of chemical potential through the dissolution of the original phases and the growth of equilibrium solid phases.
The sintering of hard materials is actually a complex process with complicated metallurgical reactions because they involve different raw-material powders [2] . This difference leads to a fine and stable microstructure that exhibits the typical core/rim structure, where the cores are partially dissolved raw-material particles on which the rim structure has grown through a dissolution-precipitation process [3] [4] [5] . The main disadvantages of liquid-phase sintering relate to the parameters that control the sintering process, the solubility, the diffusivity and the surface energies of the phases present, which, coupled with the rapid rates of sintering, result in less predictability of the final structure and properties.
In this context, the industry is still lacking in understanding the mechanism of liquid-phase sintering of nitrogen-containing cemented carbides. The present work details a systematic approach to fill in these gaps. To understand the behaviour during the sintering of hard materials, the changes that occur in the nature and content of phases were studied as a function of the raw materials, the secondary phases, the content of the binder and the sintering time. The effect on the solubility and wettability of the hard ceramic phase is described.
Materials and Methods
TiC powder (99% purity, Strem Chemicals), TiN powder (99% purity, Strem Chemicals), WC powder (99.5% purity, <1 µm, Strem Chemicals), Mo 2 C powder (99.5% purity, Strem Chemicals), Ni powder (puriss., Fluka), Co powder (99.9% purity, <100 mesh, Sigma), Ar gas (H 2 O ≤ 8 ppm and O 2 ≤ 2 ppm, Linde) and N 2 gas (H 2 O and O 2 ≤ 3 ppm, Air Liquide) were used in the present study.
Commercial TiC+TiN powder mixtures were combined with the binder phase and different additives in the appropriate proportions (see Table I For all the samples, the data in figure 2 could be fitted to exponential equations that showed asymptotic trends, as described by the following general equation:
Results and Discussion
where α is the extent of conversion, which varies from 0 to 1 as the process progresses from initiation to completion, t is the sintering time (min) and A, B and C are constants (Table III) The calculated exponential fitted profiles (see Table III) show that the liquidphase sintering at 1400 ºC can completely transform the TiN/TiC mixture into TiC x N 1-x when Co or a mixture of Ni/Co is used as the binder. Furthermore, from the set of equations shown in Table III , the minimum amount of binder required to achieve complete conversion was estimated. When Co is used as binder, at least 24 wt.% of this element is necessary to completely convert the starting TiC and TiN mixture into TiC x N 1-x . If the binder is a mixture of Co and Ni, a minimum binder content of 36 wt.% is necessary.
If full conversion is possible, the time required to achieve it can also be estimated.
For example, sintering times of 567 min and 311 min are necessary when 30 wt.% and 40 wt.% of Co are used as the binder, respectively. When 40 wt.% of a Ni-Co mixture is used, 514 min of sintering time is required for full conversion. Notably, the data in Table   III suggest that, in the case of Ni, a total conversion can never be reached even when extremely high Ni contents are used. The conversion is not significantly improved with increasing Ni content; it only increases from 0.53 to 0.66 after being sintered for 360 min when the Ni content is increased from 10 wt.% to 40 wt.%.
The differences observed with respect to the nature of the binder are highlighted in figure 3 , which shows the gain in the TiC x N 1-x conversion when the binder content was increased for each binder phase and for each sintering time. This figure illustrates the solubilising capacity of different binders and shows that this capacity improves (slope of the arrows) from pure Ni to pure Co. These differences arise because of the different behaviour with respect to the solubility and wettability of the raw materials in the molten binder. Taking into account that the dissolution of nitrogen is negligible, the key solubility factor is determined by the dissolution of carbon. At 1400 ºC, the solubility of carbon in cobalt is 7 at.% and is 2.7 at.% in nickel [7] . Additionally, the surface energy, which determines the wetting behaviour, is slightly higher in cobalt than in nickel (2522-2 and 2380-2450 mJ/m 2 , respectively) [8-9]. A higher surface energy results in greater cohesive forces of the liquid metal drops and hence leads to higher contact angles, which reduces the wettability.
For a 10 wt.% binder content, the effect of the greater wettability of Ni balanced the greater solubility of Co, and similar conversion values were found (figures 2(a) and 2(d) and Table II ), independent of the sintering time. However, when the binder content was increased, the solubility effect became predominant when the sintering time was prolonged. Although the conversion at 0 min for Ni and Co was similar independent of the binder content, the differences between Co and Ni were ever greater when the binder content and sintering time were increased, and full conversion was reached only when Co was used (figure 2 and Table II Table IV ). Although the compositional range observed for all the samples was narrow, some trends were observed. The TiC x N 1-x phase formed when Co was used contained lower C contents than that formed with pure Ni, most likely because of the greater capacity of cobalt to dissolve carbon. The use of a CoNi mixture as the binder further reduced the compositional range of TiC x N 1-x , and a practically constant composition was observed. Similar values were observed when additives were employed. A slightly higher carbon content in the final titanium carbonitride was noticed, which was due to the carbon contribution of the additive carbide phases.
Conclusions
The research performed during this study provides a simple way to obtain a model for high-temperature metallurgical reactions between commercial TiC and TiN within a liquid-phase solvent medium (cobalt and/or nickel at 1400 ºC). We have attempted to provide an indication of the roles of wettability and solubility during liquid-phase sintering. The greater solubilising capacity of Co when it is used as the binder medium enhances the metallurgical reactions between TiC and TiN; their extension increases with time and predominantly with the binder content. When Ni is used, which exhibits a lower solubilising capacity, the extent of the metallurgical reactions is reduced, and the reactions are more dependent on the sintering time than on the binder content. However, because the Ni has greater wettability capacity than Co, the differences between the two binders are not as pronounced for short sintering times and low binder contents.
Furthermore, the synergic effect between the wettability capacity of Ni and the solubilising capacity of Co allows the Co-Ni mixtures to accelerate the metallurgical reactions at short sintering times when the binder content is increased. Nevertheless, when the sintering is prolonged, the extension of the metallurgical reactions is mainly determined by the Co content in the binder mixture. 
